INTRODUCTION
The intuition that natural selection favors those floral dimensions and characteristics that result in precise pollen transfer is supported by at least two general patterns. First, most floral traits display less variation within a species than do vegetative traits (Berg 1960) , and second, pollinator types are clustered with floral forms into "syndromes" (Proctor and Yeo 1972, Faegri and van der Pijl 1979) . Underlying this view is the concept that floral characters strongly influence the quantity of pollen removed or deposited in a single The effects of floral traits on pollination success or seed production have been investigated in many species (references in Waser 1983a , Galen 1995 , Wilson 1995 .
The use of regression techniques expresses these ef- fects as selection coefficients (Lande and Arnold 1983) .
Such techniques are often useful because the coefficients provide (1) estimates of direct selection as well as indirect selection acting through phenotypically correlated traits; (2) estimates of both linear (directional) and nonlinear (e.g., stabilizing, disruptive, correlational) forms of selection; and (3) estimates that can be expressed in terms of standard deviations and, hence, can be compared among populations, species, or studies. Several selection studies have been conducted and have tended to find that many floral traits experience no detectable selection, whereas other traits experience rather weak selection (Galen and Newport 1987 , Campbell 1989 , Schemske and Horvitz 1989 , Johnston 1991 individual fitness (e.g., Bond 1992, Herrera 1993) . Differences in direction and intensity of viability and fecundity selection have been related to environmental variations such as light level and soil moisture (Stewart and Schoen 1987) . In plants with pollen-limited flowers, differences in pollinator assemblage or abundance due to microhabitats can be associated with differences in reproductive success (Dafni 1983 , Campbell 1987 , Johnson and Bond 1992 , Laverty 1992 , Alexandersson and Agren 1996 .
Orchids are particularly suitable for measuring both female and male reproductive success at the pollination stage because pollen is dispersed in discrete packets (pollinia), the receipt or removal of which is easily determined. Male reproductive success is ultimately the number of seeds sired, and removed pollen does not necessarily make it on to a stigma of a nonspecific flower. However, studies of species with pollinia have shown a positive correlation between pollinia removal and deposition or seeds sired; therefore, pollinia removal can serve as an estimate of male success (Broyles and Wyatt 1990, Nilsson et al. 1992) . Species number and diversity of floral morphology in orchids are often attributed to their close association with a specific pollinator (Nilsson 1992 , Steiner et al. 1994 , but see Dresser 1993 . It is estimated that of the 18000 to 30 000 species of orchids, nearly one-third offer no pollinator reward in the form of nectar or pollen (Gill 1989 ). Many such nonrewarding (also termed "deceitful" or "deceptive") species probably induce visits by inexperienced pollinators (Nilsson 1980 , Ackerman 1981 , Fritz 1990 , and other species mimic pollinator mates (Borg-Karlson 1990) . Reproductive success in both rewarding and nonrewarding orchids is often limited by pollinators (Firmage and Cole 1988 , Johnson and Bond 1992 , Burd 1994 , and nonrewarding orchids are well-known for their low pollination success rate in nature (e.g., Thien and Marcks 1972 , Ackerman 1981 , Nilsson 1992 , Steiner et al. 1994 ).
The number of visits an individual pollinator makes to flowers of a nonrewarding species is expected to decline with experience. During the learning period, nonrewarding flowers will probably be visited most often when they are near large numbers of rewarding flowers (Dafni 1983, Alexandersson and Agren 1996) . Thus, we expect pollination success in nonrewarding species to be largely determined by spatial and temporal proximity to the more rewarding species. We expect that, if fruit set is limited by pollen rather than resources, then traits involved in pollen acquisition should be under strong selection (Haig and Westoby 1988) .
In this study, we investigated pollinator-mediated selection acting through both female pollination success (pollen receipt) and male pollination success (pollen removal) on morphological and phonological traits in two populations of the pink lady's slipper orchid, Cypripedium acaule Ait. It is a nonrewarding species bearing a single flower. Flower size would experience positive directional selection if larger flowers attract more pollinators (Young and Stanton 1990) , but it could be under negative directional selection if pollen transfer is more efficient in smaller flowers (Galen and Newport 1987, Armbruster 1990 
METHODS

Study system
The pink lady's slipper is a long-lived herbaceous perennial that grows in acidic soil in open pine or mixed woods throughout eastern North America (Brackley 1985) . Most plants have two basal leaves with a stalk bearing one flower. The rhizome grows only a few millimeters a year, and genetically separate individuals can easily be distinguished. In our study, <1% of plants produced two or three flower stalks and extra pairs of leaves. The flower has a large, sack-like labellum with a longitudinal slit on its upper surface. There are two anthers, each containing a pollinium. The pollinium is not discrete and waxy, as in most orchids, but is a mass of sticky pollen that is usually removed as a unit when touched (Plowright et al. 1980; L. O'Connell, personal The pink lady's slipper is pollinated by large queen bumble bees. Bombus vagans has been identified as a definite pollinator and B. borealis as a probable pollinator in New Brunswick (Plowright et al. 1980) . Despite the flower's bright color, conspicuous "nectar guides," and sweet smell, the pink lady's slipper produces no nectar. Once a bumble bee has entered a flower through the labellum slit, the infolded margins ensure that the sole exit point lies upward, at the labellum base. To exit, the bee first brushes against the stigma and then an anther. The mechanics of pollen transfer in Cypripedium are fully described by Darwin ([1877]1984:226-232) . No flower visitors were observed during this study. Cypripedium acaule is highly fertile and often sets 100% of its fruits after hand-pollination. A 10-yr study of the pink lady's slipper in Virginia (Gill 1989) found 100% fruit set after handpollination, compared to <5% naturally. Davis (1986) obtained 75% fruit set after cross-pollination and 70% fruit set after self-pollination. In another study (Primack and Hall 1990 ), 100% of cross-pollinated flowers and 90% of self-pollinated flowers set fruit. However, fruit production in natural populations is pollen limited throughout North America (Plowright et al. 1980 , Davis 1986 , Barrett and Helenurm 1987 , Gill 1989 , Primack and Hall 1990 ).
We studied two populations of pink lady's slippers near Halifax, Nova Scotia. Hemlock Ravine Park is an area with mixed deciduous and coniferous trees, with parts of the park containing old-growth hemlocks. Long Lake Provincial Park has areas that are densely covered by ericaceous shrubs and younger trees as a result of recent burns.
Pollen limitation
In Hemlock Ravine, 29 flowers were hand-pollinated (18 self-pollinated and 11 cross-pollinated) to test 
Statistical analyses
Regression analyses.-Coefficients from a univariate (single-trait) regression estimate the total strength of selection acting on a trait both directly and indirectly through correlated traits. Coefficients from multivariate (multiple-trait) regression estimate the strength of selection acting independently of any potentially correlated traits included in the analysis. When expressed in units of standard deviation, univariate regression co-efficients are equivalent to selection differentials. We will use "selection differential" to refer to univariate coefficients, and "gradients" to refer to multivariate coefficients (Lande and Arnold 1983) . Directional (I') and nonlinear (-y') selection differentials and gradients were estimated using the following regression model:
where w is the relative standardized fitness measure, ox is a constant, z' is the standardized trait value, and 6 is error. Directional differentials and gradients were obtained using the first two terms on the right side of the equation, whereas nonlinear coefficients were obtained using the full model. Directional coefficients were included in the nonlinear analyses to remove any effect of change in mean (due to directional selection) on change in dispersion (Lande and Arnold 1983) . Before regression, and separately for pollen receipt and dissemination, each absolute pollination success was divided by the population average to calculate standardized ("relative") fitness, w. To obtain an estimate of the "total" relative pollination success of each plant, we divided the sum of male and female relative success by two (Lloyd and Bawa 1984) . Trait values before selection were standardized to zero mean and unit stan- When traits are highly intercorrelated, or important variables are missing from the analysis, selection gradients will not accurately represent selection on a trait (Neter et al. 1983, Mitchell-Olds and Shaw 1987) . To avoid problems associated with intercorrelations between morphological traits in multilinear regression, we dropped traits from highly intercorrelated groups (Lande and Arnold 1983) . We chose a subset of three characters (opening date, flower height, and labellum length) to be included in the multivariate analyses, for the following reasons: stalk length was highly correlated with flower height; thus, only the latter was included because we would expect pollinators to select for the height of the inflorescence rather than the length of the stalk. Labellum length was chosen, rather than frontal area, because selection differentials for frontal area were not significant in any multivariate analysis.
Leaf length was not included in the multivariate analyses because we would expect selection on leaf size acting through pollination success to be indirect.
We wrote programs in BASIC to obtain all multivariate and univariate regression coefficients, as well as the associated 95% ci from 1000 (occasionally 5000) bootstrap iterations (Efron and Tibshirani 1993) . For each trait, we tested whether female and male regression coefficients differed by randomly assigning observations with replacement to each sex function.
The proportion of 1000 outcomes in which the difference between the male and female coefficient was greater or less than the original difference was determined. As before, two-tailed P values were twice the smaller of these two proportions. A similar bootstrap procedure was used to test for differences between populations in univariate coefficients. reproductive success were highly correlated in both populations (Pearson r: Hemlock Ravine r = 0.54, P < 0.00001; Long Lake r = 0.65, P < 0.00001; Table   2 ). Of flowers that received pollen, 92% and 91% had at least one pollinium removed at Hemlock Ravine and Long Lake, respectively (Table 1) . By dividing the number of pollinia received (the number of flowers with female success) by the number of total pollinia dispersed, we estimated the chance of a pollinium being deposited on a stigma once it has been removed from a flower as 36% at Hemlock Ravine and 51% at Long Lake. Traits means and correlation between traits
In both populations, all of the morphological traits (stalk length, flower height, labellum width, labellum length, labellum frontal area, and leaf length) were intercorrelated (Table 2) . Female fitness at Hemlock Ravine was negatively correlated with flower-opening date ( Table 2) . The values for morphological traits were all greater in Long Lake than in Hemlock Ravine, with the exception of leaf length, which did not differ between the populations (Table 3 ). Plants at Long Lake also flowered earlier, on average.
Univariate selection analyses
The r2 values from the univariate linear regression were <0.04 in every case. The selection differentials for flower-opening date were negative and statistically significant for female, male, and total pollination success at Hemlock Ravine (Table 4) . At Long Lake, the selection differentials for flower-opening date were also negative for male, female, and total pollination success, although they were not statistically significant.
Selection differentials were positive for flower height (or stalk length) at Hemlock Ravine for male, female, and total reproductive success. No directional selection differential was statistically significant in Long Lake.
No trait had a significant nonlinear coefficient (-yij or -yij) in the univariate analyses.
There were no significant differences between the slopes of male and female univariate regressions (all 14 P values >0.2).
Multivariate selection analyses
In all multivariate analyses, the R2 values were always small (from 0.03 to 0.08). As in the univariate regressions, coefficients for flower-opening date were negative in Hemlock Ravine for female, male, and total pollination success (Table 5 ). The regression coefficient for flower height was significant and positive for both male and total reproductive success in Hemlock
Ravine. The analyses showed no significant regression coefficients for any trait in Long Lake. Correlational selection coefficients (iy') for the interaction between opening date and flower height were negative and significant for female, male, and total success in Hemlock Ravine. Correlational selection for flower height and labellum length was significant and negative for female success. There was no significant quadratic or correlational selection detected in Long Lake.
Microhabitat
Reproductive success.-At Hemlock Ravine, Monte
Carlo simulations revealed a significant difference in female pollination success among microhabitats (P = 0.009), but not in male success (P = 0.13; Fig. la, b) .
At Long Lake, both male (P 0.0004) and female (P = 0.002) pollination success differed among microhabitats ( Fig. ic, d ). (Table 6 ). In contrast, flower height and labellum length differed among microhabitats only at Long Lake. Here, plants tended to be shorter in A, the microhabitat with the greatest pollination success.
Differences in selection among microhabitats and between populations Selection measured through male success was indistinguishable among microhabitats in both populations (Table 7) . Such relationships between traits and success did differ, however, for several traits acting Trait n sI' P' 95% CI y 95% ci through both female and total success at Hemlock Ravine (stalk length, flower height, leaf length).
There were no significant differences between the two populations in the selection differentials measured through male, female, and total pollination success (all 21 P values >0.05).
DISCUSSION
Similarity of male and female selection
Examining seven traits in two populations, we found no evidence for a difference between male and female selection coefficients or gradients. A unit (standard deviation) change in a trait value, therefore, changed relative male and female success to the same degree. In both populations, the male and female 95% ci overlapped for all seven directional differentials, all seven nonlinear differentials, all three directional gradients, and all six nonlinear gradients (Tables 4 and 5 ). This conclusion is supported by explicit tests for differences between male and female directional differentials, which represent the total effects of direct and indirect (through correlated traits) directional selection. 1984) . It is often suggested that I is higher through male function than through female, and that male selection might therefore be stronger. In a California population of honey bee-pollinated wild radish, Raphanus sativus, the variance in absolute female fertility exceeded that of estimated male fertility (Devlin and Ellstrand 1990) . Likewise, in both populations of orchids studied here, variances in relative fitness were higher through female function than through male function.
Female and male values were -6.9 and 4.2, respectively, at Long Lake, and -16.5 and 7.0, respectively, at Hemlock Ravine. Thus, there was no less opportunity for selection through pollen receipt than through pollen dispersal. Furthermore, female selection coefficients and gradients, although not significantly different, tended to be greater than male selection coefficients in absolute value. In the case of Cypripedium acaule, it seems inappropriate to assume that selection acts on floral characteristics primarily through male function, as is often suggested (e.g., Queller 1983 , Bell 1985  see Murcia 1990 , Wilson et al. 1994 . 
Selection differences among microhabitats and between populations
Differences in reproductive success among microhabitats can be associated with differences in the strength of selection on a phenotypic trait. In this study, we found that at least two of four microhabitats differed significantly in selection coefficients for several traits.
In contrast to these differences among microhabitats within populations, we found no differences between the two populations in the strength of selection (see also Schemske 1984 , Galen 1989 , Brassard and Schoen 1990 , Johnston 1991a , Wilson 1995 .
Because the pink lady's slipper is a long-lived perennial, selection in one year may not represent selection in another. Disturbances and community succession will alter microhabitat type over time. Stuckey (1967) observed that the pink lady's slipper occurred in larger numbers after brush fires, and that peak blooming was reached 10-15 yr later. Temporally variable selection is well-known in the case of germination date (Kalisz 1986 , Miller 1987 , and, although we are not aware of statistical comparisons of selection coefficients in different seasons for reproductive traits, some studies have found statistically significant selection coefficients in some years, but not others (Campbell 1989 , Scheiner 1989 , Schemske and Horvitz 1989 , Widen 1991 .
In this study, Cypripedium plants near ericaceous shrubs, particularly blueberry, appeared to be far more successful than Cypripedium plants in other areas. In
Long Lake, pink lady's slippers growing in microhabitats A and B had pollination success rates higher than the average for the population. As bumble bees visit the nectar-producing blueberry flowers, they may be tempted to explore the large pink lady's slipper flower.
When bumble bees are abundant among blueberry bushes, these exploratory visits may be frequent, leading to a high pollination success rate. Rather than competing with the huckleberry and blueberry flowers, the pink lady's slipper benefits from their proximity. Davis (1986) also observed, in Massachusetts, that there was an increase in the number of pollinator visits to C.
acaule in the presence of ericaceous shrubs. Pollination of the deceitful orchid Orchis caspia also depends on the proximity of nectariferous species (Dafni 1983) .
The main pollinators of 0. caspia are several species of bees with an apparently low ability to learn to avoid the deceptive flowers. Laverty (1992) similarly found an increase in fruit set in the nectarless mayapple (Podophyllum peltatum) when it was in proximity of nectar-producing lousewort (Pedicularis canadensis).
ANOVAs that included microhabitat as well as opening date, height, and labellum length showed that microhabitat significantly explains more variance in pollination success than the floral traits for female fitness in both populations and for male fitness in Long Lake.
We therefore agree with Herrera (1993) that environmental conditions may determine fitness to a greater degree than do plant characters themselves.
Pollen limitation and selection
Natural fruit-set in the pink lady's slipper was 5%
in Hemlock Ravine and 13% in Long Lake. These low percentages indicate high levels of pollen limitation within a season, as every experimentally and naturally pollinated flower produced a fruit. Pollen limitation appears to be characteristic of Cypripedium acaule, because its presence, or that of low fruit-set, has been documented in many parts of eastern North America (Plowright et al. 1980 , Davis 1986 , Barrett and Helenurm 1987 , Gill 1989 , Primack and Hall 1990 . A similar range of natural fruit-set occurs in other nectarless orchid species (e.g., Ackerman and Montalvo 1990 ). Single-season studies of pollen limitation do not demonstrate that lifetime seed production is limited by pollinators, because seed production may have costs expressed in reduced survival or future fertility (Janzen et al. 1980, Calvo and Horvitz 1990) . In Massachusetts populations of C. acaule, Primack and Hall (1990) found that continual fruit production significantly reduces both leaf area and the likelihood of flowering in the next season. Similar effects have been documented in other orchids (Montalvo and Ackerman 1987 , Ackerman 1989 , Snow and Whigham 1989 , Zimmerman and Aide 1989 , Ackerman and Montalvo 1990 , but see Calvo 1990 ).
It has been hypothesized that selection acting through female function should increase as the degree of pollen limitation increases (Johnston 1991a, b) .
Some support for this idea was found in Lobelia cardinalis, where the more pollen-limited of two populations showed a higher number of statistically significant standardized selection coefficients, as estimated for hypothesized larger sample sizes. (Of course, because selection acts on relative, not absolute, fitness, this prediction requires some degree of nonlinearity between trait value and female success.) In the present study, all experimentally (and naturally) pollinated plants subsequently produced a fruit. Because the natural levels of fruit-set were -13% in Long Lake and -5% in Hemlock Ravine, one can conclude that pollen limitation of fruit production was greater in Hemlock Ravine. We found no significant differences between the two populations in (univariate) selection coefficients; such potential differences were apparently overwhelmed by microhabitat effects within the populations. Nevertheless, in accordance with the prediction, absolute values of these differentials were larger in Hemlock Ravine than in Long Lake for six of seven coefficients and for all nine multivariate gradients.
Once inside a labellum, a bee is probably very efficient at removing a pollen sac. Of those flowers receiving a pollinium in the present study, 92% (Hemlock Ravine) and 91% (Long Lake) also had at least one in Long Lake). This suggests that pollen remains attached to pollinators long enough for successful deposition on a stigma, and that it remains viable for this period, as all flowers receiving pollen subsequently set fruit. The chance of pollen reaching a nonspecific stigma can be higher in orchids (20% for Cymbidiella flabellata [Orchidaceae; Nilsson et al. 1986] ) and milkweeds (25% for Asclepias syriaca [Asclepiadaceae; Pleasants 1991] ) than in species without pollen packages (3% for Polemonium viscosum [Polemoniaceae; Galen and Stanton 1989] and 0.6% for Erythronium grandiflorum [Liliaceae; Harder and Thomson 1989] O'Connell, personal observation). This is the period when almost all pink lady's slippers were successfully pollinated (data not shown). Later in June, deciduous trees had flushed their leaves, bumble bee abundance was low, and few pink lady's slippers were pollinated.
The effect of the presence and/or phenology of one species on the pollinator service to another has been documented in both nonrewarding and rewarding plants (Schemske et al. 1978 , Thomson 1978 , Rathcke 1983 , 1988 , Waser 1983b , Laverty 1992 A late frost can destroy buds, flowers, and early-forming capsules (Luer 1975) . It is also possible that another strong selective pressure not included in the analyses counteracts the effect of selection on early flowering Note: For the F ratios, numerator degrees of freedom are 3, and denominator degrees of freedom are n -8; see Table 4 for sample sizes (n). Values that are statistically significant after sequential Bonferroni correction are boldface.
date. In a multiyear study of Senecio integrifolius, Widen (1991) found consistent and strong selection against late flowering, but weak and inconsistent selection against early flowering. Stabilizing selection thus occurred in some years, but not in others. Attempts to measure selection on flowering date in other species have found stabilizing (Augspurger 1981 , Schmitt 1983 or inconsistent directional selection that changes from year to year (Primack 1980 ; see also Werner 1983, Zimmerman and Gross 1984) . Selection at the flowering stage is not necessarily indicative of selection at the stage of seed production or establishment of offspring (Galen 1995) . In hummingbird-pol- It is unknown whether plant height varies from one year to another. Primack et al. (1994) found that there was a decrease in leaf area in pink lady's slippers that had produced a fruit in the previous year, but they did not indicate whether there was a decrease in plant height or flower size. In this study, leaf size was more highly correlated with stalk length than with floral characters. A shorter plant during one season may be the result of successful fruit production in the previous year.
In its effects on reproductive success, plant height appears to be less well studied than many other traits.
Nevertheless, it is known that pollinators often forage at a particular height, causing assortative pollination.
In Lythrum salicaria, the correlation between heights of successively visited plants exceeds 0.8 (Levin and (Stanton and Preston 1988 , Eckhart 1991 , Galen 1995 , but see Mitchell 1994 . Size may often be indirectly selected because pollinators use it as a cue for a correlated trait, such as nectar reward (Cresswell and Galen 1991) . It is not yet known whether flowers that offer no reward benefit especially by being large and obvious. found that bees preferentially visited larger experimental (artificial) flowers modeled after the partially deceit-pollinated tropical herb Begonia involucrata (see also .
Multivariate analysis for Hemlock Ravine showed negative directional coefficients for male, female, and total reproductive success when the effects of opening date and height were held constant (although they were not statistically significant after Bonferroni correction).
In this population, no relationship with any of the success measures was apparent in the univariate analysis.
Taller plants were both more successful and tended to have a longer labellum. Thus, the negative direct effect of labellum length was masked in the univariate analysis by its positive correlation with height, which was associated with greater success. The negative correlational selection gradient for female success showed that the most successful plants combined greater height with a smaller labellum. The negative relation between labellum length and reproductive success did not result from any tendency for smaller flowers to occur in the best microhabitats. Instead, it is possible that a larger labellum does not constrain a pollinator to brush against a pollinium or stigma with sufficient force to ensure pollen transfer.
Conclusions
In this study, we found selection for earlier opening flowers, taller plants, and smaller flowers. In contrast to the commonly hypothesized antagonism between pollen receipt and dispersal, selection acted similarly through male and female pollination success. These effects of phonology and morphology, however, were overwhelmed by environmental variation. Incorporation of environmental effects on fitness is not necessary for the quantification of selection, but results in a fuller understanding of the causes of fitness variation and permits a test of the hypothesis that morphological selection is weak because of environmental variation.
